Cholestasis results from interrupted bile flow and is associated with immune-mediated liver diseases. It is unclear how inflammation contributes to cholestasis. The aim of this study was to determine whether T and B cells contribute to hepatic transporter expression under basal and inflammatory conditions. C57BL/6J wild-type mice or strains lacking T, B, or both T and B cells were exposed to lipopolysaccharide (LPS) or saline, and livers were collected 16 hours later. Branched DNA signal amplification was used to assess mRNA levels of organic anion-transporting polypeptides (Oatp) 1a1, 1a4, and 1b2; organic cation transporter (Oct) 1; canalicular bile-salt export pump (Bsep); multidrug resistance-associated proteins (Mrp) 2 and 3; and sodium-taurocholate cotransporting polypeptide (Ntcp). Real-time polymerase chain reaction analysis was used to correlate changes of transporter expression with interleukin-1b (IL-1b), IL-6, IL-17A, IL-17F, tumor necrosis factor-a (TNF-a), and interferon-g expression in the liver. LPS treatment inhibited Bsep and Oct1 mRNA expression, and this was abrogated with a loss of T cells, but not B cells. In addition, the absence of T cells increased Mrp2 mRNA expression, whereas B cell deficiency attenuated Oatp1a4 mRNA in LPS-treated mice. Oatp1a1, Oatp1b2, Ntcp, and Mrp3 were largely unaffected by T or B cell deficiency. Lymphocyte deficiency altered basal and inflammatory IL-6, but not TNF-a or IL-1b, mRNA expression. Taken together, these data implicate lymphocytes as regulators of basal and inflammatory hepatic transporter expression and suggest that IL-6 signaling may play a critical role.
Introduction
The liver is a critical immunological and metabolic organ, and is strategically positioned to receive blood that is rich in bacterial and food-derived antigens from the gut via the portal vein. Immune-mediated liver diseases are usually progressive and are associated with significant morbidity and mortality. Cholestasis can result from either a functional defect in bile formation or interrupted bile flow, and is commonly associated with human liver diseases (Hirschfield and Heathcote, 2009; Hirschfield et al., 2010) . Genetic and environmental factors, including infections and xenobiotics, can contribute to cholestasis. A major consequence of acute cholestasis is the development of severe liver injury. Hepatocyte and cholangiocyte proliferation that occurs in response to injury in turn leads to periductular fibrosis, biliary fibrosis, and cirrhosis (Hirschfield et al., 2010) . The mechanisms by which inflammation contributes to the pathophysiology of cholestasis-mediated liver injury remain unclear.
Bile acids are synthesized in the liver from cholesterol, secreted into the bile, and actively transported to the gut and then back to the liver via enterohepatic circulation. Enterohepatic bile flow is essential for the emulsification of dietary fat, fat-soluble vitamin absorption, and elimination of toxic compounds, and is regulated through a coordinated hepatobiliary sinusoidal (basolateral) and canalicular (apical) transport system (Merritt and Donaldson, 2009 ). Organic cation transporter 1 (Oct1) is the major hepatic uptake transporter for small cations, and increased expression of multidrug resistance-associated protein 3 (Mrp3) provides an alternative route for efflux during periods of bile acid and/or xenobiotic overload. At the hepatic canalicular membrane, the ATP-dependent bile-salt export pump (Bsep) and Mrp2 function as the primary hepatic bile acid exporters, reviewed in Klaassen and Aleksunes (2010) . In concert, the sodiumtaurocholate cotransporting polypeptide (Ntcp) is the predominant mechanism of bile acid uptake at the sinusoidal membrane. The organic anion transporting polypeptides (Oatp) 1a1, 1a4, and 1b2 transport conjugated bile acids, organic acids, and xenobiotics. Disruption of transporter function results in cholestasis (Ricciardi et al., 2001) .
Lipopolysaccharide (LPS) is a common cause of inflammationinduced cholestasis in humans, and is widely used in experimental animal models to initiate cholestasis, presumably by increasing synthesis of cytokines such as tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6), and IL-1b in response to Toll-like receptor 4 (TLR4)-dependent nuclear factor of the kB enhancer activation in Kupffer cells. This model predicts that proinflammatory cytokines, in turn, signal through their respective membrane receptors to suppress transporter expression and function (Geier et al., 2006; Lickteig et al., 2007; Mulder et al., 2009) . Although the underlying mechanisms remain unclear, LPSinduced alteration of transporter function appears to be immunemediated and the direct cause of cholestasis. Thus, LPSinduced cholestasis provides a valuable experimental tool to study mechanisms of hepatic transporter regulation directly, rather than secondarily in response to the accumulation of bile constituents resulting from biliary obstruction.
The liver receives approximately 70% of its blood supply from the intestine through the portal circulation, and is thus exposed to potential gut-derived immune modulators including bile acids and bacteria. Accordingly, the liver is selectively enriched in a large number of innate and adaptive immune cells for protection against harmful pathogens and autoreactive selfantigens from foodstuffs and commensal bacteria. Lymphocyte subpopulations in normal human livers comprise approximately 35% T cells, 30% natural killer (NK) T cells (NKT), 20% NK cells, and 10% B cells (Dong et al., 2007) . TLRs are widely expressed by immune cells, including conventional CD4 1 T helper cells, cytotoxic T lymphocytes, B cells, natural forkhead box P3
1 regulatory T cells, and NKT cells. This enables responsiveness to microbes through pathogen-associated molecular patterns or cell injury via danger-associated molecular patterns for cytokine production during LPS-induced cholestasis. Substantial evidence has recently implicated that TLR4 signaling contributes to the activation of T cells, B cells, and NKT cells (Pone et al., 2010; Kim et al., 2012; Reynolds et al., 2012) . Importantly, whereas some cytokines, e.g., TNF-a and IL-1b, are thought to be proinflammatory and detrimental, others, including IL-6, are also anti-inflammatory and suppress liver injury (Sun et al., 2004) . The objective of this study was to test the hypothesis that lymphocytes contribute to the expression of hepatic transporter expression under basal and acute inflammatory conditions.
Materials and Methods
Animal Models. Male adult C57BL/6J wild-type (WT) and homozygous T cell-deficient B6.129S2-T-cell receptor a chain; targeted mutation 1 (tm1), Peter Mombaerts (Tcra tm1Mom ) (TCR-a KO), B cell-deficient B6.129S2-IgM; tm1, University of Cologne (Ighm   tm1Cgn   ) [IgM transmembrane tail exon (mMT) deficient], and T and B cell-deficient B6.129S7-recombination activating gene 1; tm1, Peter Mombaerts (Rag1 tm1Mom ) (Rag1 KO) mice (8-10 weeks of age) were purchased from The Jackson Laboratory (Bar Harbor, ME). B10.A 5C.C7 TCR transgenic Rag2 KO mice (Seder et al., 1992) were obtained from the National Institute of Allergy and Infectious Diseases contract facility (Taconic Farms, Germantown, NY). All mice were acclimated to the housing conditions for at least 14 days prior to use. Groups for LPS-induced cholestasis studies were designated WT (n 5 6), TCR-a KO (n 5 6), mMT (n 5 6), and Rag1 KO (n 5 6). Groups for sexpreference expression studies were designated C57BL/6J (n 5 3) and B10.A TCR Rag2 KO (n 5 3). All mice were maintained in 12-hour light/dark cycles and allowed water and standard chow ad libitum. All animals were used according to the guidelines of the University of Missouri Animal Care and Use Committee and in accordance with the US National Institutes of Health and the American Association for Laboratory Animal Care International.
LPS Model of Cholestasis. Four groups (WT, TCR-a KO, mMT, and Rag1 KO) of adult (8-10 weeks old) age-matched male mice (22-31 g) underwent treatment. LPS (4 mg/kg in a volume of 5 ml/g) or sterile saline vehicle was administered to mice by i.p. injection. Livers were excised 16 hours after LPS administration, snap frozen in liquid nitrogen, and stored at 280°C until RNA isolation. Mice were maintained under specific pathogen-free conditions in University of Missouri animal facilities that are accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. All protocols were approved by the University of Missouri Animal Care and Use Committee. Mice were monitored for signs of distress during the study (abdominal distention, respiratory difficulty).
Chemicals. LPS (from Escherichia coli serotype 055:B5) and all other chemicals, unless otherwise indicated, were purchased from Sigma-Aldrich (St. Louis, MO). One milligram of LPS was added to 0.5 ml of sterile saline to create stock solutions and frozen (220°C) prior to use.
RNA Preparations. Total RNA was isolated from mouse liver using RNAzol B reagent (Tel-Test, Inc., Friendswood, TX) per the manufacturer's recommendations. RNA concentrations were determined by UV spectrophotometry, and the integrity of the RNA was confirmed by ethidium bromide staining after agarose gel electrophoresis.
Branched DNA Assay. Specific oligonucleotide probes for Oatp1a1, Oatp1a4, Oatp1b2, Oct1, Ntcp, Bsep, Mrp2, and Mrp3 genes (Augustine et al., 2005) were diluted in lysis buffer supplied by the QuantiGene HV Signal Amplification Kit (Panomics, Fremont, CA). The substrate solution, lysis buffer, capture hybridization buffer, amplifier, and label probe buffer used in the analysis were all obtained from the QuantiGene Discovery Kit (Panomics). The assay was performed in 96-well format with 10 mg of total RNA added to the capture hybridization buffer and 50 ml of the diluted probe set. The total RNA was then allowed to hybridize to the probe set overnight at 53°C. Hybridization steps were performed per the manufacturer's protocol on the following day. Luminescence of the samples was measured with a Quantiplex 320 branched DNA luminometer interfaced with Quantiplex Data Management Software, version 5.02 (Bayer, Walpole, MA).
Real-Time Reverse-Transcription Polymerase Chain Reaction. Real-time quantification of IL-1b, interferon-g (IFN-g), TNF-a, IL-6, IL-17A, and IL-17F relative to b-actin mRNA was performed using SYBR Green polymerase chain reaction (PCR) master mix (Applied Biosystems, Foster City, CA) and an ABI PRISM 7900HT sequence detector (Applied Biosytems). Total RNA (5 mg) was reverse transcribed to cDNA using SuperScript III and random hexamer primers (Invitrogen, Carlsbad, CA) in a 20-ml reaction. PCR was performed using the following primers: IL-1b primers 59-GAAAGCTCTCCACCT-CAATG and 59-GCCGTCTTTCATTACACAGG, IFN-g primers 59-CTGCCACGGCACAGTCATTG and 59-TGCATCCTTTTTCGCCTTGC,
Lymphocytes on Hepatic Cytokines and Transporters
TNF-a primers 59-GACCCTCACACTCAGATCATCTTCT and 59-CCACTTGGTGGTTTGCTACGA, IL-6 primers 59-TGTCTATACC-ACTTCACAAGTCGGAG and 59-GCACAACTCTTTTCTCATTTCCAC, IL-17A primers 59-GCTCCAGAAGGCCCTCAGACT and 59-CCAGC-TTTCCCTCCGCATTGA, IL-17F primers 59-CTGGAGGATAACACT-GTGAGAGT and 59-TGCTGAATGGCGACGGAGTTC, and b-actin primers 59-ATGGTGGGAATGGGTCAGAA and 59-CCATGTCGTCCC-AGTTGGTAA. PCR reactions incorporated 5 pmol forward and reverse primer and used the following cycling conditions: 95°C for 10 minutes, 95°C for 15 seconds, and 60°C for 60 seconds followed by dissociation curve analysis. For the negative controls, the reverse-transcriptase step was omitted and PCR was performed directly from the RNA. The normalized threshold cycle (Ct) values were subtracted from the target Ct values of each sample (DCt). Relative levels of target mRNA were calculated as 2 2DDCt . Statistical Analysis. Statistical analysis was performed using InStat 3 software (GraphPad Software, La Jolla, CA). Data are shown as the mean 6 S.E. The Mann-Whitney, Wilcoxon matched-pairs test, or unpaired two-tailed t test was applied to compare two groups; the one-way analysis of variance with Bonferroni's multiple comparisons test was used to compare three or more means. Best fit of correlation was measured by the root mean square. All P values ,0.05 were considered statistically significant. In the figures and tables, P values are displayed according to the following scheme: **P , 0.01; *P , 0.05.
Results
A genetic loss of function approach was used to determine the regulatory role of lymphocytes in hepatic transporter steady-state mRNA expression prior to and after LPS treatment. Uptake and efflux transporters investigated in this study were chosen on the basis that they encompass sinusoidal and canalicular membrane localization and respond to inflammation. Given that transporter and cytokine expression are sex-dependent and adult female responses are likely influenced by the estrous cycle (Klaassen and Aleksunes, 2010; Kwekel et al., 2010) , male mice were used. Hepatic transporter expression has also been shown to be age-dependent (Fu et al., 2012) ; therefore, despite C57BL/6J Rag1 KO mice being smaller in size relative to WT, TCR-a KO, and mMT mice (P , 0.01), age-matched mice were studied ( Fig. 1 ). Unfasted body weights were recorded during the acclimatization period (days 214, 210, and 25), on the day of treatment (day 1), and at necropsy (16 hours post-treatment). The administration of LPS resulted in a loss of body weight in WT, TCR-a KO, and mMT mice, but not Rag1 KO mice, amounting to 12.97% 6 1.86% (P , 0.05), 16.22% 6 0.99% (P , 0.01), 13.36% 6 1.05% (P , 0.01), and 8.44% 6 1.18% (P . 0.05) of saline controls, respectively (Fig. 1) . Overall, these results suggest that mice lacking T and B cells likely respond differently to acute LPS exposure.
Consistent with previous studies (Klaassen and Aleksunes, 2010) , basal steady-state mRNA expression of sinusoidal Oatp1a1, Oatp1a4, Oatp1b2, Ntcp, Oct1, and Mrp3 and canalicular Mrp2 and Bsep transporters was readily detected (Table 1) . Oatp1a4 expression was reduced in TCR-a KO mice relative to WT mice (P , 0.05). Although not significant, basal Oct1 expression was reduced in Rag1 KO mice. In comparison, basal Mrp3, Mrp2, and Bsep expression was lower in TCR-a KO, mMT, and Rag1 KO mice compared with WT mice. Meanwhile, basal Oatp1a1, Oatb1b2, and Ntcp expression was unaffected by lymphocyte deficiency. Of the transporter genes studied, Oatp1a4 mRNA was uniquely downregulated in the absence of T cells, but not B cells or the combined deficiency of T and B cells (Table 1 ), suggesting that B cells, in a T cell-independent manner, may augment Oatp1a4 expression. In summary, these data demonstrate that T and B cells contribute to the maintenance of steady-state mRNA expression levels of selective transporters in the liver of adult male C57BL/6J mice in the absence of inflammation, infection, or autoimmunity.
We next investigated the effect of T cell and B cell deficiency on transporter mRNA expression during inflammation. Figure 2 demonstrates augmented Mrp2 mRNA and a loss of LPS-induced suppression of Bsep mRNA in TCR-a KO mice following acute LPS exposure. We further investigated the potential for lymphocytes to impact hepatic sinusoidal transporter expression following LPS treatment. Figure 3 shows that LPS treatment did not alter Oatp1b2, Ntcp, or Mrp3 mRNA in any of the genotypes. In contrast, Oatp1a1 mRNA was reduced in response to LPS treatment in all four genotypes. Meanwhile, LPS-induced inhibition of Oct1 and Oatp1a4 was observed only in WT and B cell-deficient mice, respectively (Fig. 3) . Overall, these data demonstrate that lymphocytes contribute to differential regulation of hepatic transporter expression in a transporter-and inflammation-dependent manner.
TNF-a, IL-1b, and IL-6 likely contribute to the regulation of hepatic drug transporters during injury. Given that these cytokines are produced by multiple cell types, including lymphocytes, we next asked whether T and B cells influence the expression of these soluble mediators in the liver. For these Fig. 1 . The influence of LPS treatment on body weight. The body weights of 16-week-old male WT, TCRa KO, mMT, and Rag1 KO mice (n = 3 mice per experimental group) were obtained 1 day prior to and 16 hours following LPS administration (4 mg/kg in a volume of 5 ml/g i.p.) or an equal volume of sterile saline (vehicle control). The body weight (grams) for individual mice before and after saline (top) or LPS (bottom) treatment is shown. Open and closed circles represent prior to and after treatment. **P , 0.01; *P , 0.05. studies, reverse-transcription PCR analyses were performed on liver homogenates from LPS-or saline-treated WT, TCR-a KO, mMT, and Rag1 KO mice. We demonstrated decreased basal IL-6 mRNA in TCR-a KO and mMT mice and exacerbated LPS-induced IL-6 expression in Rag1 KO mice (Fig. 4) . In contrast, alterations in IL-1b and TNF-a mRNA were modest as shown by tempered upregulation during inflammation. Noteworthy, selective B cell loss lessened hepatic TNF-a, IL1b, and IL-6 mRNA levels in LPS-treated mice (Fig. 4) . IL-6 mRNA levels were increased in mMT and Rag1 KO mice following LPS treatment. Meanwhile, IL-17A and IL-17F mRNA were only slightly detectable (Ct 5 38-42), and these levels did not differ with loss of T and/or B cells (data not shown). Hepatic IFN-g expression was below the level of detection in all samples tested (data not shown). Overall, these results suggest that T and B cells contribute to basal and acute inflammatory IL-6 production in the liver.
NKT cells represent a population of unconventional T lymphocytes that can mediate both innate and adaptive immune responses and are abundant in the liver (Eberl et al., 1999; Duwaerts and Gregory, 2011; Parker and Picut, 2012) . In mice, NKT cells represent approximately 0.5% of the total T cell population in the blood, peripheral lymph nodes, and spleens. In striking contrast, almost 30% of total hepatic T cells have the NKT phenotype (Eberl et al., 1999) and the majority of these cells, such as conventional T cells and NK cells, are localized in the sinusoids (Geissmann et al., 2005) . Therefore, we Fig. 2 . Steady-state mRNA levels of hepatic canalicular efflux transporters in response to LPS. Male WT, TCR-a KO, mMT, or Rag1 KO mice (22-31 g) were administered LPS (4 mg/kg in a volume of 5 ml/g) or sterile saline vehicle by injection (i.p.). Livers were excised 16 hours after LPS administration, collected, snap frozen in liquid nitrogen, and stored at 280°C until RNA isolation (n = 3 mice per experimental group). Livers were evaluated for steady-state mRNA levels of Bsep and Mrp2 as determined by the branched DNA assays. Data are expressed as mean relative light units (RLU)/10 mg total RNA 6 S.E. **P , 0.01; *P , 0.05.
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further investigated the contribution of NKT cells to the regulation of sex-biased expression of hepatic bile acid transporters (Buist and Klaassen, 2004; Maher et al., 2005; Cheng et al., 2007; Klaassen and Aleksunes, 2010) . For these experiments, male and female WT C57BL/6J and B10.A TCR transgenic Rag2 KO mice were used to determine the influence of combined genetic deficiency of CD8 1 , B, NKT, and natural CD4 1 T regulatory (Treg) cells on hepatic transporter expression. We first compared WT C57BL/6J and CD8 1 , B, NKT, and natural Treg cell-deficient (henceforth referred to as NKTdeficient) males and females (Table 2) . Although hepatic transporter mRNA expression was unaltered in NKT-deficient males, increased Mrp3 mRNA (P , 0.01) and modestly decreased Oatp1a4 mRNA was observed in NKT-deficient female mice relative to WT controls (Table 2) .
We next determined whether NKT deficiency influenced the sex predominance of transporter mRNA expression. First, Oatp1a1 and Oatp1b2 mRNA was male-predominant in WT mice (P , 0.01), and this sex bias was exacerbated in NKTdeficient mice. Second, Oatp1a4 (P , 0.05), Mrp3 (P . 0.05), Ntcp (P , 0.05), Oct1 (P . 0.05), and Bsep (P . 0.05) expression was greater in WT females than males, and the magnitude of the female predominance was either unchanged or exacerbated with NKT deficiency. Mrp2 mRNA expression in WT mice was comparable between males and females. Mrp3 mRNA expression was female-predominant in WT as well as NKT-deficient mice (Table 2 ). In summary, the previous analyses provide evidence that lymphocytes may further function in a sex-bias manner to modulate hepatic transporters.
Discussion
The possibility that lymphocytes may control hepatic transporter expression has not been addressed until now. Using a genetic loss-of-function approach, we provide evidence suggesting that T and B cells contribute to the regulation of hepatic Mrp2, Bsep, Oct1, and Oatp1a4 transporter expression. We further associate elevated IL-6 production during conditions of T cell deficiency with abrogated suppression of Bsep and Oct1 expression during acute inflammation. In addition, we provide evidence that lymphocyte-mediated regulation of hepatic transporter expression is sex-biased. Given that transporters can be significantly affected by drug-drug interactions or genetic polymorphisms, and the immune system has been linked to sex-biased human liver disorders, the contribution of lymphocytes to changes in drug transporter activity warrants further attention. These findings contribute novel insights to the cellular basis of cytokine production in the liver and to the mechanisms of inflammation-induced liver diseases.
Previous studies demonstrating that altered hepatic transporter expression in response to LPS have implicated that Kupffer cells directly respond to LPS through TLR4-dependent signaling to upregulate TNF-a, IL-6, and IL-1b transcription (Green et al., 1996; Kubitz et al., 1999; Kim et al., 2000; Cherrington et al., 2004; Li et al., 2004; Augustine et al., 2005; Li and Klaassen, 2005) . In theory, these presumed proinflammatory cytokines, in turn, signal through their respective receptors to repress transcription of genes encoding hepatic transporters, causing bile acid accumulation and cholestatic liver disease. We now demonstrate that T and B cells play substantial, yet differential, roles in IL-6, but not IL-1b, and TNF-a production during basal and acute inflammatory conditions. IL-6 has been implicated in both proinflammatory and anti-inflammatory responses (Scheller et al., 2011) , and most studies have investigated proinflammatory contributions by IL-6. However, our data illustrating down-and upregulated IL-6 in WT and T cell-deficient mice, respectively, are consistent with recent reports suggesting that B cell-induced production of IL-6 prevents downregulation of hepatic transporters to reduce liver injury associated with acute inflammation (Taub, 2003; Klein et al., 2005 ). The Fig. 3 . Steady-state mRNA levels of hepatic sinusoidal transporters in response to LPS. Male WT, TCR-a KO, mMT, or Rag1 KO mice (22-31 g) were administered LPS (4 mg/kg in a volume of 5 ml/g) or sterile saline vehicle by injection (i.p.). Livers were excised 16 hours after LPS administration, collected, snap frozen in liquid nitrogen, and stored at 280°C until RNA isolation (n = 3 mice per experimental group). Livers were evaluated for steadystate mRNA levels of the hepatic bile acid transporters Oatp1a1, Oatp1a4, Oatp1b2, Ntcp, Oct1, and Mrp3 as determined by branched DNA analyses. Data are expressed as mean relative light units (RLU)/10 mg total RNA 6 S.E. **P , 0.01; *P , 0.05. molecular mechanisms by which IL-6 provides protection in the liver are not well understood, and this is further confounded by a poor understanding of how T cells propagate hepatic inflammation. Nonetheless, it is well established that IL-6 binds the membrane-bound IL-6 receptor a (gp80) and heterodimerizes with gp130 to form a signaling complex and activates downsteam signal transducer and activator of transcription (STAT)1, STAT3, and short heterodimer partner 2-Ras-mitogen-activated protein kinase signaling pathways (Ishihara and Hirano, 2002) . A lack of gp130 expression in hepatocytes has previously been shown to promote liver injury (Streetz et al., 2003) . Thus, it is unclear whether B cell-induced IL-6 production directly targets T cells or hepatocytes to modulate transporter expression. Given that IL-6-gp130-STAT3 in T cells promotes IL-17-producing CD4 T cells (Camporeale and Poli, 2012) , we were surprised by the low levels of IL-17 expression in LPS-treated Rag1 KO mice. However, these results suggest that hepatocytes may be the critical recipient of the IL-6 signaling during acute TLR4-mediated inflammation.
Although not well appreciated, recent evidence has established that T, B, and NKT cells also express TLR4 (Gururajan et al., 2007; Meyer-Bahlburg et al., 2009; Kim et al., 2012) . Thus, lymphocytes also retain the capacity to rapidly respond to endotoxin and other microbes, including commensal bacteria (Tough et al., 1997; Godfrey and Rossjohn, 2011; Reynolds et al., 2012) . Little is known about TLR4 signaling in lymphocytes, and it remains to be determined whether TLR4 signaling pathways differ between lymphocytes and macrophages, particularly with regard to the requirement for CD14, myeloid differentiation primary response 88, and Toll/IL-1R domaincontaining adapter-inducing IFN-b. Given the abundance of T, B, and NKT cells in the liver and their capacity to propagate proinflammatory, but also anti-inflammatory, cytokine production, we used a genetic loss-of-function approach to test the hypothesis that lymphocytes contribute to the regulation of genes encoding uptake and efflux transporters in mouse liver. Our results are in agreement with previous studies demonstrating downregulation of sinusoidal and canalicular transporters in response to LPS, as previously reviewed (Klaassen and Aleksunes, 2010) .
Regarding the role of lymphocytes in regulating transporter expression, our findings do, in fact, support our hypothesis that lymphocytes contribute to the transcriptional control of hepatic bile acid transporters. Given that most lymphocytes, including T, B, NK, and NKT cells, are thought to provide critical defense against invading pathogens and modulate liver injury by circulating through hepatic sinusoids (Geissmann et al., 2005) , it was somewhat unexpected that the efflux transporters positioned on the apical membrane were most affected by lymphocyte deficiency. Nonetheless, it is well accepted that migration through hepatic sinusoids enables lymphocytes to come in close contact to antigens displayed by endothelial cells, Kupffer cells, and microbial pathogens undergoing enterohepatic circulation. Since altered Mrp3 and Bsep mRNA expression in response to lymphocyte deficiency was evident only during inflammation, we speculate that lymphocytes likely gain access, via direct contact or through the secretion of soluble mediators, to hepatocytes at times when the vasculature in the liver is inflamed, as the sinusoidal endothelium is highly fenestrated and lacks a basement membrane. In agreement, the sinusoidal membrane has previously been identified as a unique means by which the liver is able to differentially regulate immune-mediated responses (Crispe, 2012; Parker and Picut, 2012) . This line of reasoning is also consistent with our observation that lymphocytes retain the capacity to modulate efflux transporters that are located on the apical membrane, i.e., Mrp3, in the absence of LPS-induced inflammation.
Without doubt, hepatic transporter expression is critical for effective elimination of conjugated bilirubin and bile acids, as well as xenobiotics and their metabolites, to maintain metabolic homeostasis and simultaneous removal of toxic waste. However, it is also appreciated that transient repression of hepatic efflux transporter function during acute inflammation, Fig. 4 . The influence of T and B cell deficiency on basal and LPS-induced hepatic cytokine gene expression. Male WT, TCR-a KO, mMT, and Rag1 KO mice were administered LPS (4 mg/kg in a volume of 5 ml/g) or sterile saline vehicle by injection (i.p.). Livers were excised 16 hours after LPS administration, collected, snap frozen in liquid nitrogen, and stored at 280°C until RNA isolation. Gene expression was quantified by reversetranscription PCR using SYBR green PCR master mix and the ABI Prism 7900HT sequence detection system. Fold change was calculated as 2 2DDCt using b-actin as the endogenous control. The results shown are normalized to WT vehicle (saline) controls. Quantification was calculated as vehicle versus LPS-treated cells. Data are the mean 6 S.E. of three mice. **P , 0.01; *P , 0.05.
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such as sepsis or gallstones, offers protection to the liver by enhancing the retention of antioxidants such as glutathione (Roeb et al., 2003; Kong et al., 2012) . Thus, it is the sustained disruption of these efflux pumps, in combination with uptake transporters, which exacerbates pathology in liver diseases. It is appreciated that administration of LPS in experimental mouse models reproduces the common clinical features of sepsis, including downregulation of transporter mRNA. Therefore, is altered hepatic transporter expression in response to lymphocyte deficiency pathogenic or protective? This is a particularly important question given the liver provides a unique environment that favors immunological tolerance. Of particular importance, CD4
1 forkhead box P3 1 Tregs are mediators of immune tolerance, express Toll-like receptors including TLR4, exert enhanced suppressor function in response to LPS treatment, and have previously been shown to contribute to extrahepatic cholestasis (Caramalho et al., 2003; Katz et al., 2011) . Additional studies to identify which lymphocytes are involved and gain a better understanding of their mechanism(s) of action during acute and chronic exposure are required to appropriately address this question. Here, we have clearly determined that hepatic transporters are sensitive to hepatocyte canalicular membranes and export monovalent tauro-and glyco-conjugated (conj.) hepatic bile acids (BAs) and divalent sulfated (sulpho-) or glucuronidated (glucurono-) BAs amidated with a taurine or a glycine, organic anions (OAs), reduced glutathione (GSH), and bilirubin (bili) out of the hepatocyte into the bile canaliculi. Mrp3, similar to Mrp2, is an ATP-binding cassette transporter, but unlike Mrp2, is localized on hepatocyte basolateral surfaces and functions to efflux bile and organic acids during periods of bile acid overload, e.g., gallstones or dysfunctional Mrp2 and/or Bsep. Ntcp, Oatp1a1, Oatp1a4, and Oatp1b2 are positioned at the basolateral membrane and facilitate enterohepatic cycling of BAs and OAs. Oct1 is also expressed at the basolateral membrane and functions in a similar manner, except it transports conj. BAs and organic cations (OCs) from the portal vein.
modulation by lymphocyte activity. Importantly, although we and others propose that LPS-induced cytokines directly target hepatocytes and ductal epithelial cells to alter hepatic transporter mRNA, it has also been established that transporters, in particular ATP-binding cassette transporters, are expressed on lymphocytes. Therefore, given that lymphocytes also express TLR4, we cannot ignore the possibility that alteration of lymphocyte transporter expression may contribute to inflammation in the liver, as has been previously suggested (van de Ven et al., 2009; Giraud et al., 2010; Verbrugge et al., 2012) . As hepatic bile acid transporter expression and immune response in other liver diseases are both sex-dependent, a second aspect of this study involved elucidating whetherlymphocytes contribute to the sex-biased basal expression of hepatic transporters. Exacerbated basal Mrp3 expression in female mice only suggests that lymphocytes may contribute to sex-biased hepatic transporter expression and implicates a particularly important role for CD4 1 T cells. Consistent with this, conventional CD4 1 T cells rapidly produce IL-2 upon activation. IL-2 receptor signaling is predominantly mediated through STAT5a and STAT5b signaling pathways (Lin et al., 2012; Liao et al., 2013) , and hepatocytes respond to IL-2 signaling (Sunman et al., 2004) . A role for STAT5 signaling in sex-specific hepatic transporter expression has been identified for Ntcp (Clodfelter et al., 2006 (Clodfelter et al., , 2007 Zhang et al., 2012) . Thus, it is plausible that cytokine signaling crosstalk with bile acid-induced nuclear receptor activation also contributes to sex-specific regulation of hepatic transporters. Alternatively, sex discrepancy could be the result of other divergent sex-dependent immune responses. For example, women have higher absolute numbers of total CD4
1 T cells and produce higher levels of IFN-g.
In conclusion, the present study implicates that T and B cells regulate hepatic transporters (Fig. 5) . In addition, we further implicate a protective role for IL-6 and identify lymphocytes as modulators of sex-biased hepatic transporter expression. Given that targeted therapies that affect lymphocyte function could adversely affect bile flow, it is critical that further work be done to identify the lymphocytes that regulate transporter function.
